The flow behavior and dynamicviscoelasticity of welan gumsolutions were measured with a rheogoniometer. The welan gumshowed shear-thinning behavior at a concentration of 0.1%, but plastic behavior above 0.3% at 25°C. The dynamic viscoelasticity increased with increasing concentration, and was scarcely changeable with increasing temperature even at 80°C. Gelation did not occur even in a polysaccharide concentration of 1.0% at low temperature (0°C). An increase of the dynamic modulus was not observed on the addition of CaCl2 (6.8 mM).The dynamic viscoelasticity of welan gum solution was scarcely changeable in a wide range of pH from 2 to 12. The dynamic modulus was also scarcely changeable on addition of urea (4.0 m). Possible modeof intramolecular associations between the OH-4 of the D-glucosyl residue and the adjacent hemiacetal oxygen atom of the L-rhamnosyl residue, and between the methyl group of the L-rhamnosyl residue and the adjacent hemiacetal oxygen atom of the D-glucosyl residue were proposed.
Welan gum is a commercial polysaccharide produced by Alcaligenes ATCC31555, and is non-gel-forming, but gives a thermostable,
highly viscous solution at a high temperature of \40oC.U2) The main chain of the polysaccharide consists of tetrasaccharide repeating units, 3)-j8-D-Glcp-(l -^4)-j8-D-GlcpA-(l4 )-^-D-Glcp-(l ->4)-a-L-Rhap-(l, and every dglucosyl residue next to the D-glucuronosyl residue is substituted at O-3 by either an a-L-rhamnosyl or a-L-mannosyl residue in the ratio of 2:1.
3) The welan gum has approximately one acetyl group for every two repeating units, but the position of acetylation in the chain is not known. The primary structure of welan gum is similar to that of gellan gumwhich also consists of the same tetrasaccharide repeating units without side chains. 4'5) The gellan gum forms a weak elastic gel, but it forms a stiff, brittle gel on deacetylation. 6) We have proposed a possible mode of intra-and inter-molecular associations of gellan gum molecules in aqueous solution.7) 3079 The intramolecular hydrogen bonding may take place between the OH-4 of the D-glucosyl residue and the adjacent hemiacetal oxygen atom of the L-rhamnosyl residue, and between OH-3 of the D-glucosyl residue and the adjacent hemiacetal oxygen atom of the D-glucuronosyl residue, to make the gellan gum molecule rigid.
The intermolecular association maytake place between the methyl group and the hemiacetal Materials and Methods Materials. Welan gum was kindly supplied by Kelco Co., Ltd. and was dissolved in hot water (60°C) as a 0.1% solution. The solution was heated at 90°C for 20min, and then cooled to room temperature, centrifuged at 23,000 x g for 1 hr, and filtered through Celite 545 (which had been treated with boiling 3m HC1 for 30min and washed with distilled water until the pH was 6.5). In the presence of 0.1% KC1, ethanol (2 vols.) was added to the filtrate, and then the precipitate was dried in vacuo. Purified welan gum wasredissolved in hot water and the solution deionized by passage through a column of Amberlite 120 (H+), and then neutralized with 50mMKOH.The solution was filtered through Celite 545 again. Ethanol (2 vols.) was added to the filtrate in the presence of0.05% KC1, and the precipitate was dried in vacuo. The gellan gum used was identical with that in our previous study;7) it was obtained from Sanei Kagaku Co., Ltd. Gellan gum was dissolved in hot water (95°C) at a concentration of 0.2% then filtered through Celite 545 keeping the temperature at 70°C, KC1 was added to a concentration of 0.05%, and then ethanol (2vols.) was added. The precipitate was dried in vacuo. Purified gellan gum was redissolved in hot water (90°C) and the solution deionized, at 65°C by passage through a column of Amberlite IR-120 (H+), and then neutralized with 50mM KOH.The solution was filtered through Celite 545 again. Ethanol (2 vols.) was added to the filtrate in the presence of 0.05% KC1, and the precipitate was dried in vacuo.
Specific rotation. Specific rotation was measured at 589nm with an automatic digital polarimeter DIP 180
(Japan Sepctroscopic Co., Ltd.) for a 0.3% aqueous solution of welan gum.
Infrared spectroscopy. ). The temperature of the sample was controlled by circulating oil with a Thermo-cool (LCH -130F, Toyo Co., Ltd.) over a temperature ranging from 0 to 85°C and raised at a rate of l°C/min by steps. Shear rate (D), shear stress (S), and apparant viscosity 0?aP) were calculated with the equation of Margules.12) Dynamic viscosity (rjr) and elasticity (Gf) were calculated by a modification of Markovitz's equation.13) The loss tangent (tan S) was calculated from the relationship tan $=G"/Gf, where G" is the loss modulus (cot]') and co is the angular velocity of the outer cylinder.
Results
The identity of the polysaccharide as an acetylated welan gum was established by infrared absorption at 1730cm"1.
To compare the rheological behaviors of welan gumto those ofgellan gum, the viscosity and dynamic viscoelasticity were measured under the same conditions as those of our previous study.7) The flow curves, at 25°C, of behavior, but to plastic flow behavior above 0.3%, and the yield value was estimated to be 20, 50, 90, and 130Pax 10at0.3, 0.5, 0.8, and 1.00%, respectively. The flow curves of welan gumsolutions shifted over high shear-stress in proportion to the concentrations. This tendency differed from that of gellan gum solutions, where the flow curves shifted to a very low shear-stress below 0.9%. This might be caused by the breakdown of an intermolecular association of gellan gum molecules, since at 1.0% solution it shifted over to very high shear-stress and showed plastic behavior, the yield value of which was estimated to be 10Pax l0.7)
As reported previously,7) the dynamic modulus of gellan gumsolution was very large at a concentration of0.8%at low temperature (0°C), and decreased rapidly with increases in termperature. The dynamic modulus of welan gumin a 0.8% solution was very large at low temperatures, but it stayed large during incresases in temperature even to 85°C, as shown in Fig. 2 . Despite the larger dynamic modulus than that of gellan gum,7) gelation did not take place even in a 1.0% solution of welan gum at low temperature. On ther other hand, the tan 3 value of the welan gum decreased from 0.52 to 0.43 with increase in concentration from 0.5 to 1.0% at low temperature (0°C). The values at both concentrations were lower than those of gellan gum,7) but almost agreed with those of native xanthan. 14)
A very large dynamic modulus was observed on addition of CaCl2 (6.8him) to a 0.2% solution of gellan gum, and increased with the increase of temperature up to 80°C, then it decreased rapidly with further increases in temperature (Fig. 3 ). This indicates that the gellan gum molecules associate tightly with Ca2+, where carboxyl groups of D-glucuronosyl residues may contribute to cation bridges on the different molecules with ionic bonding. On the contary, the dynamic modulus ofwelan gum solution (0.2%) decreased a little on addition of CaCl2 (6.8 mM), indicating that the side-chain, substituted at 0-3 of every D-glucosyl residue next to the D-glucuronosyl residue by either an a-L-rhamnosyl or a-Lmannosyl rasidue in the ratio of2 : 1, ofwelan gum molecules prevents the formation of Ca2 + bridges on different molecules. Though the dynamic modulus ofgellan gum (0.8%) was higher than that of the polymer alone upon the addition ofurea (4.0m) and gel formation was observed at low temperature (0°C), for welan gum, it was nearly independent on addition of urea and stayed very large during increases in temperature as in the polysaccharide alone (Fig. 4) . Despite having a larger dynamic modulus in the welan gum The pH value was adjusted with 100mM HC1 (O) or KOH (®); à", welan gum alone. , dynamic viscosity; , dynamic modulus; , tan (5. solution (0.8%) on addition of urea than that ofgellan gum, gel formation was not observed, suggesting that the side chain of welan gum molecules prevents an intermolecular association.
The dynamic viscoelasticity of the welan gum solution (0.2%) was nearly independent of pH change between 2 and 12 upon the addition of 100mMHC1 or KOH, as shown in Fig. 5 . This tendency was inconsistent with that of gellan gum7), in which a very large dynamic modulus was observed in acid and alkaline range after reaching pH 2.6 and 1 1.2, by addition of 100mM HC1 or Ca (OH)2. The specific rotation, at 0.3%, ofwelan gum at various temperatures is summarized in Table I pyranose-ring, in the welan gummolecule, it may exist in a XC4 pyranose-ring conformation.7)
Such a conformational change of L-rhamnosyl residue maycontribute to the gel formation for gellan gum, in which the methyl group of the L-rhamnosyl residue may take part in the intermolecular van der Waals interaction, as reported previously.7) As suggested by Brant et al.,loy the side chain, either lrhamnosyl or L-mannosyl rasidue in the ratio of2 : 1, ofwelan gummolecules may also take part in an intramolecular van der Waals interaction or hydrogen bonding with the D-glucuronosyl residue of the backbone. Although a very large dynamic modulus was observed on addition of CaCl2 (6.9him) to a 0.2% solution of gellan gum at low temperature, a little decrease in the dynamic modules was observed for welan gumsolution. This indicates that the side chains of welan gum prevent the formation of Ca2+ bridges between the carboxyl groups of the D-glucuronosyl residues on the different molecules. The gelation up to a high temperature (80°C) for gellan gum solution in the presence of CaCl2 and or urea suggests that a hydrophobic interaction19"2^between the methyl groups of the L-rhamnosyl residues on different molecules mayparticipate to the interaction in addition to the intra-and inter-molecular hydrogen bond and van der Waals interaction.7) Accordingly, the model (Scheme 1) provided an explanation not only for the rheological characteristics of the welan gumbut also of those of the gellan gum in aqueous media.7) The welan gummolecule may keep an ordered, rigid, less extended, and 2-fold helical conformation in aquous solution, as in the solid state.22)
